Abstract: A unique set of seven mouse lines, long-term selected for high growth, from different laboratories around the world has been comprehensively compared to evaluate these resources for future QTL and gene mapping for growth traits. The heaviest line (DUH) was 40% (males) to 44% (females) heavier than the smallest line (ROH) at birth, and 105% (males) to 114% (females) heavier at 98 d. Body conformation (body length and width, body areas), body composition (dry matter, fat, fatty acid composition, organ weights), and skeletal muscle cellularity also differed substantially. DUH was more than 20% longer (12.3 cm) compared to the shortest line ROH (9.7 cm). DAH (22.5%) had the highest percentage of gonadal fat and the leanest was BEH (7.7%). Line BEH (0.49 g) showed the highest weight for the left M. rectus femoris, which was 2.1 times higher, compared to ROH (0.23 g). These results suggest that different alleles, and possibly different physiological pathways, have contributed to the selection response in the different lines. Therefore these selection lines are an important tool with which to identify the genetic and physiological basis of growth as they may contain many, if not all, growth promoting alleles.
Introduction
The mouse as a pilot organism is an important tool in mammalian genetic research, and has been intensely used. After early pioneering work [1, 2] artificial selection experiments in mice had by 1955 already become a "standard tool" in quantitative genetic research, as the Cold Spring Harbor Symposium of that year showed. This trend was initially caused by the strong interest of livestock breeders, based on the fact that many traits recorded in mice are similar to those important to livestock: growth traits (body weight, growth rate), body composition, litter size, energetic efficiency, maternal effects and milk yield. Some measured traits (e.g. creatine kinase activity, fatty acid pattern, histological traits) relate to stress resistance and meat quality in farm animals, and might help to explain which changes in meat producing farm animals could be caused by intense selection on growth performance. Experiments with model animals in quantitative genetics have been ongoing for at least 5 decades, and have addressed three general major goals: (i) to explore the properties, and identify genes associated with quantitative variation; (ii) to test the quantitative genetic selection theory by experimental breeding; and (iii) to determine the consequences of specific breeding procedures that cannot be determined by theory [3] .
Until the introduction of molecular marker technology there was little progress in locating and identifying individual genes controlling complex traits. Most earlier model experiments aimed at measuring genetic and environmental variances, co-variances, or correlated selection responses; the effects of inbreeding and population size on selection responses; testing theories about selection plateaus and the contribution of de novo mutations etc., rather than at gene discovery. Selection experiments on growth and body composition have recently been reviewed by Bünger and Hill and Bünger et al. [4] [5] [6] .
Mouse lines derived from extreme growth-selected lines are considered a unique and valuable resource for the mapping of genes or quantitative trait loci (QTL), for candidate gene identification and the elucidation of epistatic effects. Also, they are an important tool in identifying the genetic and physiological basis of growth [7] [8] [9] . With the development of dense genetic maps based on molecular genetic markers, and the knowledge of the mouse genome sequence [10] , it has become more and more possible to dissect quantitative genetic variation into the individual regions of the chromosomes that influence traits of interest. These QTL are a very valuable source with which to focus fine-mapping methods for the identification of the genes involved, which is a primary goal of QTL mapping studies [11, 12] . Many QTL have already been mapped in crosses between selected and/or inbred mouse lines. Recently 85 QTL for body weight and 75 QTL, for fatness in mice, were summarised [13] ; but there is some disagreement between individual experiments, and yet more QTL/genes remain to be discovered. If selection started from different base populations, in independent experiments and environments, one can consider these lines to be replicates of selection experiments and used as a resource to find alleles with large phenotypic effects on growth. In individual selection experiments some of the desired alleles might not have been present in the base population, some might be lost through genetic drift, and others might have been unimportant for growth in a particular laboratory environment. Therefore, one can assume that different loci or alleles have contributed to the selection response in these different lines.
As a prerequisite for future mapping studies, we describe here phenotypic growth characteristics of a unique set of seven high-growth selected mouse lines developed in different laboratories around the world, which were managed in our laboratory. The aims of this study were to identify phenotypic line differences in the same environment and to refine our phenotypic screen so that we might focus our research in the future on traits with substantial line effects. This approach assesses what morphological, histological and physiological changes occur in response to selection for growth. A follow-up study (diallel cross between lines) will supply information about the size and kind of genetic causes of population differences.
Material and methods

Animals and management
Seven outbred high-growth mouse lines provided the basis for our study. They were developed and selected for high growth in different laboratories around the world [7] , and were for this experiment managed in one mouse laboratory (FBN Dummerstorf). These lines have been selected for at least 20, and up to 100, generations for high growth using different selection traits, and have previously been described in detail [7] . The origins of the lines and some essential details are presented in Table 1 . Additionally to the line DUH (developed in Dummerstorf), founder mice of the other six growth-selected outbred lines (40-60 founders per line) were sent from the University of Edinburgh to the FBN Dummerstorf in 1997. As the number of these animals was not sufficient to initiate the project immediately, a few generations of breeding were required to establish the lines to sufficient numbers. To counterbalance any possible effects of a relaxed selection during this period, intra family selection on high body weight at 6 weeks of age was applied to all lines.
Mice were housed in Macrolon-cages Type II (E. Becker & Co GmbH) in a semi-barrier system under conventional conditions in a windowless mouse lab. Air was exchanged 12 times per hour and coarsely filtered (no bacteria filter). The room temperature varied between 22.4 to 22.7
• C and humidity between 50 and 60%. The light cycle was 12L:12D. All in-going materials and objects were sterilised or disinfected. Fresh tap water and fixed formula food for laboratory mice was supplied ad libitum (Altromin 1314: protein 22.5%, fat 5%, raw fibre 4.5%, ash 6.5%, germ reduced by heat during the production process, Altromin GmbH, Lage, Germany).
Animal and tissue/organ sampling
Male and female animals were randomly sampled for all lines from different litters, and weighed individually on Sartorius animal precision scales LC 620 S-0D2 (Sartorius AG, All animals were killed by cervical dislocation at 98 d of age. Four organs (liver, both kidneys, heart, spleen), the left M. rectus femoris and the gonadal fat pad were dissected and weighed using Sartorius animal precision scales AC 211S (Sartorius AG).
Additionally, from 5 males of each line both the left and right side M. rectus femoris and the gonadal fat were collected for histological and biochemical analyses, and for analysis of fatty acid composition, respectively.
Body conformation
To measure body conformation an automatic image measurement and imaging processing system was used, which has been developed especially for mice (Hardware & Software Technology GmbH, Germany). This system permits 2D measurements of any component of the mouse body. The distances between different points of the body (landmarks) were measured in pixels instead of millimetres as the camera provides minor natural distortion of the images, with distortion increasing with distance from the centre of the image. Thus distances are given in pixels, with 1 pixel corresponds to approximately 0.32 mm (minimum 0.31 mm, maximum 0.35 mm).
Fifteen different morphometric traits were selected for measurements at 98 d of age using this automatic image analysis system ( Figure 1 ).
Body composition
To analyse body composition, the dry matter weight of the whole body was determined after freeze-drying the prepared carcass at 98 d of age. The whole bodies were then ground using a freezer mill under liquid nitrogen. Samples were then analysed for C and N after combustion (LECO, CN-2000, an elemental analyser for carbon and nitrogen analysis, LECO Corporation, Saint Joseph, Michigan, USA), where C was measured by infrared absorption, while N was determined by thermal conductivity. With this method the fat content of mice bodies can be determined with a precision of 95%. The fat content was predicted from C and N values according to the equation: fat% = 1.3181 C -4.399 N [14] . The fatty acid composition of both the gonadal fat and the muscle fat in the left and right rear leg quadriceps muscles (group of muscles: M. rectus femoris, vastus lateralis, vastus intermedius, vastus medialis) was determined by gas chromatography as described by Nürnberg et al. [15] . 
Histology/histochemistry, microscopy
Serial transverse sections (10 µm) were cut from the left side M. rectus femoris (RF) at the end of the proximal tendon of origin in a cryostat (-20 • C) and mounted on slides. Cut sections were stained by NADH-tetrazolium reductase (NADH-TR; [16] ) for metabolic fibre types (red, intermediate, white), or by haematoxyline-eosin for nuclei [17] . The muscle cross-sectional area (MCSA) of the RF was measured by image analysis (Image C, Imtronic GmbH, Berlin, Germany). To determine the total muscle fibre number per cross section, microscopic images were projected on a table and the fibres were counted over an area of 3.047 mm 2 (app. 25% of the total MCSA) by a pen-counter and extrapolated to the total MCSA. The average fibre cross sectional area (FCSA) was obtained by dividing MCSA by the total fibre number. The relative distribution of red, intermediate, and white fibres was determined separately on 100 to 150 muscle fibres each in the dark (deep) and bright (superficial) regions of the muscle by image analysis (AMBA, IBSB, Berlin, Germany). The averages of both regions were calculated and given as an estimate for the muscle.
Biochemical analyses
Homogenates of the right side RF were used to quantify DNA (1:20), RNA (1:80), protein (1:80), and creatine kinase activity (CK; EC 2.7.3.2.) (1: 300 and 1:500). DNA was measured fluorometrically against a standard of calf thymus DNA (Serva, Heidelberg, Germany) after using Hoechst 33258 (Sigma-Aldrich, Deisenhofen, Germany) according to Rehfeldt and Walther [18] . RNA was quantified fluorometrically with SYBR Green II (Molecular Probes, Eugene, OR, USA) against RNA from calf liver (Sigma-Aldrich) as a standard according to Oksbjerg et al. [19] . Fluorescence was measured using a Cytofluor 2500 plate reader (PerSeptive Biosystems GmbH, Wiesbaden, Germany). Protein concentration was determined by a modified bicinchoninic acid microplate assay (Sigma-Aldrich) against a bovine serum albumin (Serva) standard [20] . CK activity was measured using a commercial Kit (Sigma-Aldrich) adapted for microplate use. The optical density in microplate assays was measured using a Spectramax 250 plate reader (Molecular Devices Corporation, Sunnyvale, CA, USA).
Statistical analysis
The morphometric traits (body weight and body conformation) were analysed using the GLM procedure of the SAS System for Windows Release 8.02 (SAS Institute Inc., Cary, NC 27513, USA). The least square means were calculated using the following model:
where M is an overall mean; L is the line effect; S is the sex effect; I is the interaction effect between L and S, and e is the residual error.
For the organ and tissue weights and some body composition traits the same model was used, and in addition, for some traits (dry matter and fat amount, gonadal fat pad, liver, spleen, heart, kidney, M. rectus femoris) the model with body weight (BW) at day 98 was fitted as a covariate. The histological and biochemical data were sampled only from males. These data were analysed by using a similar model but without including the sex effect. The line means were pair-wise tested using the t-or Welch-test when variances were homogenous or heterogeneous, respectively.
To describe the growth processes in the various mouse lines, the Richards-function [21] modified by Schönfelder) was fitted to the data as described earlier. This non-linear growth function with 4 parameters provides a very good fit for the growth of mouse lines with different growth potential, as recently shown [22] . 
Results
Body weights and growth function parameters
Mean body weights for all lines and both sexes from birth (d 0) to 98 d of age are given in Table 2 . Line effects were significant at all ages. At birth the DUH mice were already 40 (m) to 44% (f) heavier than the ROH mice. As the later body weights show, these two lines were permanently the heaviest and the smallest, respectively. With increasing age, the divergence increased in absolute and relative terms, so that DUH mice were 105% (m) and 114% (f) heavier than the ROH mice at day 98.
To describe growth over the different ages in the various lines separately for both sexes, a modified Richards-function [21] was fitted to the body weight data of each mouse. The parameters (Table 3) were then treated as with the other traits measured.
The coefficient of determination (CD) in all lines and sex groups was ≥ 0.989, which confirms the good fit of the functions to the data. There were substantial line differences in all four parameters of the growth curves, such as the theoretical final body weight (A), the maximum weight gain (B), the age at the maximum weight gain (C) and in the position of the point of inflection (D). The mature weights (A) varied between the heaviest line DUH (m = 78.8 g, f = 67.4 g) and the smallest line ROH (m = 38.3 g, f = 31.3 g) ( Table 3 ). The heaviest line DUH also had the highest 'maximum body weight gain' (B), with 2.2 g/d (m) and 1.6 g/d (f). The corresponding values for the ROH were 0.93 and 0.76 g/d, which is a c2.2 fold difference. The ages at which all lines reach maximum gain (C) varied less, but also showed significant line differences, and were between 27.1 and 32.1 d in males and between 23.2 to 29.4 d in females. Males and females from the DUH line were the youngest and those from the MUH line the oldest when reaching the maximum weight gain. At the point of inflection the animals reached c37% (DAH f) to 53% (MUH m) of the estimated mature weights with slightly lower values in females than in males. There were also substantial line differences in body weights at the point of inflection, which essentially reflect the line differences in mature weights.
Sexual dimorphism in body weight
In general males were much heavier then females in all lines, with these differences proving significant in some of the lines at birth (Table 4) . However, sex differences became significant mainly after weaning and the period of puberty. From 42 d onwards males in all lines were significantly heavier than females. These male-female differences increased with age, although this was less apparent at higher ages.
Additionally, there was significant line by sex interactions, from c30 d onwards (Table 2). In absolute terms the sexual dimorphism was highest in DUH at 63 d (13.8 g) and in BEH at 84 and 98 d (13.9 g; 14.1 g). There were clear line differences for all lines in the ratios (m/f) at the time when sex differences were clearly established. The highest divergences were seen in the BEH and RAH, where males were c30% and 26% heavier than females, which may be indicative that some genes affect body weight more in males than in females. In the lines EDH and MUH these ratios were much lower. Males in these lines were only 13% to 16% heavier than females.
Body conformation
Fifteen different morphometric traits were measured on day 98. The results for all line by sex groups are given in Table 5 .
Significant line effects were found in all length, width and area measures characterising body conformation or body shape. Sex had an effect on some length and width traits and on all area measures. It is of note that males measurements were not always superior to females. Females had a higher rear leg span, head-neck length and a bigger lumbar region-rear leg area. For seven traits of length, width and area, significant line by sex interactions were observed.
With regards to body length the results of the lines DUH and ROH were again particularly remarkable in both sexes. Males and females of DUH had the highest values (m 392 pixels, f 379 pixels) while ROH had the lowest values (m 308 pixels, f 299 pixels). This was confirmed by some additional hand measures with DUH having a length of 12.5 cm (m) and 12.1 cm (f) compared to the shortest line ROH with 9.9 cm (m) and 9.6 cm (f). Thus both males and females of DUH were c21% longer than those of RAH.
Width measures revealed that in addition to line DUH, both RAH and EDH mice were also remarkably broader, whereas the mice of lines MUH, BEH and ROH were significantly thinner compared to the other lines.
The extraordinary length and width of the DUH showed that selection for body weight in this line has resulted both in an extreme body mass increase and a body conformation that was completely changed.
The lines differed not only in the length and width traits but also in their lengthwidth ratios, for instance in the ratio body length vs. rear leg span (the broadest width measure). While DUH mice were 6% (m) and 4% (f) longer than they were broad, the males of the other lines had the following length-width-ratio: 1.03 (BEH and DAH), 1.02 (EDH and MUH), 1.006 (ROH) and 1.003 (RAH). This can be interpreted that the length and width in ROH and RAH were very similar. The males of these two lines were just as long as they were broad, and their females were broader than they were long.
In summary, there were substantial line differences in the measured morphometric traits, indicating large differences in body conformation. Therefore, selection for growth has not only changed body weight but also body shape. As the shape of a mouse is also a quantitative trait (being measured in pixels), then it can be assumed that it is influenced by many genes. One would expect that different alleles have been aggregated and might be fixed in the different selection lines.
Body composition
The LS means for dry matter and fat (absolute amounts and percentages) are presented in Table 6 .
For all body composition traits, the sex and line effects were significant. In all traits, there was also significant line by sex interaction.
Despite having the highest body weight, DUH had intermediate values for the content of fat in the whole body (17.7%, averaged over sexes). The lines DAH and RAH exhibited the highest fat percentages (22.5% and 21.3%), whereas the lowest fat percentages were found in the EDH (9.1%) and BEH (7.8%) lines. The same ranking has been observed for dry matter %, as both percentages are highly correlated [23] . A similar ranking has been found for the absolute fat amounts when the data was not adjusted for body weight:
DAH > DUH > RAH > EDH > MUH > BEH > ROH After adjusting the fat (g) for body weight the following changed line ranking was observed:
Fat and gonadal fatty acid composition
The results for all 7 lines (males were used only) are shown in Table 7 .
The growth lines differed not only in their body fat as shown above (Table 6 ), but also in the gonadal fat pad and in the intramuscular fat percentage of the left and right quadriceps femoris muscles ( Table 7) .
The lines RAH, DUH and DAH showed the highest body and gonadal fat amounts. Additionally, these 3 lines and ROH showed the highest fat concentration (%) in the rear leg muscle group.
Males of the selection lines differed significantly in the fatty acid profile (%) of gonadal fat. The relative content of saturated fatty acids, especially stearic acid (C18:0), was highest in RAH and DAH, where conversely polyunsaturated fatty acids (PUFA) percentages were lower. The RAH line showed the lowest linoleic acid concentration (C18:2n-6). The males with the lowest gonadal fat, such as BEH, deposited the highest percentage of PUFA.
Organ and tissue weights
The weights of four main internal organs (liver, spleen, heart kidney), of one muscle (M. rectus femoris) and the gonadal fat pad are given for each line by sex group (Table 8) .
These data were analysed with body weight as a covariate in the model, thus adjusting for differences in body weight. There were significant line, sex and interaction effects for almost all organs and tissues (Table 8) , however there was no tendency of general superiority or inferiority of any line. Because of the negative estimated value for gonadal fat pad in DUH, after correction for body weight, the uncorrected weights were also presented in Table 8 . It is of note that if the data were not adjusted for body weight, some of the line effects, and the ranking between the lines, changed strongly.
The non-adjusted data showed the highest liver weights for DAH and DUH (m 3.9 g, 3.9 g; f 3.4 g, 3.2 g), which are highly correlated with final body weights. As already shown for the total body fat percentage (Table 6 ), the RAH, DUH and DAH lines also had the highest gonadal fat weight (m 2.6 g, 1.8 g and 2.0 g; f 3.1 g, 4.2 g and 3.2 g). The lowest gonadal fat pad weight was found in the ROH line. For this trait, it was remarkable how much ranking between the lines was changed when the data was adjusted for body weight. Considering the uncorrected means, together with the line BEH (m 0.6 g, f 0.4 g), DUH mice (both sexes 0.4 g) showed the highest weight for the left M. rectus femoris, which was 2.4-1.8 times higher compared to ROH, with the lowest muscle weight (both sexes 0.2 g). It seems worth highlighting that the BEH had the highest muscle weights in both sexes, although had intermediate ranking for body weight.
Generally, there was a tendency for the highest organ weights to be in the line DUH, with the exception of muscle weight being highest in the BEH line. The lowest organ weights were mostly observed in line ROH.
Skeletal muscle cellularity
With the exception of RAH and DAH ranking differently, overall, body and muscle weights of the male mice sampled for histological and biochemical analyses corresponded relatively well to the whole data set (Table 9 ). Muscle weight paralleled the body weight in six lines, but not in BEH. BEH mice exhibited the highest absolute (0.58 g) and relative (1.02%) muscle weight, and the largest muscle cross sectional area (MCSA). BEH was followed by DUH in muscle weight and MCSA, without being significantly different. The lowest muscle weights and MCSA were found in lines MUH and ROH, with the lowest body weight. All results were obtained without using body weight as a covariate, as the corresponding correlations between body weight and muscle fibre traits were not close enough.
Muscle weight and MCSA are determined by the number and size of constituent muscle fibres, and both of these may contribute differently to final muscle size. The muscles of line BEH had the highest total fibre number followed by DUH and EDH lines, whereas the lowest fibre number was seen in DAH (Table 9 ). With respect to fibre size (FCSA) there were no significant line differences except between BEH with the largest fibres and MUH with the smallest fibres.
Comparing the relative differences in fibre number and fibre size from the averages of all mouse lines (data not shown), it became obvious that maximum muscle growth was achieved when the differences in both fibre number and fibre size were high, as seen in BEH and DUH. In BEH the difference in fibre number was nearly three times greater than the difference in fibre size, whereas similar differences were seen in DUH. Average muscle growth was noted when one component was above the average, which was true for fibre number in EDH and for fibre size in RAH and DAH, and the other below the average. In MUH and ROH, possessing the lowest muscle weights, both fibre number and fibre size were below the average.
The frequency of metabolic fibre types in M. rectus femoris was not significantly different amongst the lines (Table 9 ). This muscle consisted of c20% red, c20% intermediate and c40% white fibres. Again an exception was seen with the BEH line which had 8% red, 14% intermediate and 78% white glycolytic fibres, which were significantly different from all other lines. Muscular DNA, RNA, protein and creatine kinase (CK) activity are shown in Table 10 . The total amounts of DNA, RNA, and protein in M. rectus femoris muscle nearly paralleled that of muscle mass. They were highest in BEH and DUH, lowest in MUH and ROH and intermediate in EDH, RAH, and DAH lines. In contrast, the concentration of DNA was lowest with high muscle mass (BEH, DUH), and highest with low muscle mass (MUH, ROH). BEH and DUH muscles also showed the lowest RNA concentrations, whilst ROH the highest RNA concentrations, without significant differences among the remaining lines. In contrast to nucleic acids, the concentration of protein was lowest in DUH and highest in MUH and DAH muscles, without any significant differences among the remaining lines. The DNA/protein ratio was smallest in BEH, and highest in ROH, and similar in the other lines. Interestingly, the BEH line showed the highest RNA/DNA and protein/RNA ratios, and differed from each of the other lines. The highest CK activities in IU/g and IU per mg protein were observed in the muscles of RAH mice, whereas the lowest values were seen in BEH and DAH mice, respectively.
Discussion
Seven long-term selection lines with a high growth potential have been phenotypically characterised in this study. All lines were selected for high growth in different laboratories around the world [7] and differed widely from their corresponding control lines, or from divergent lines for low growth-selection from the same base population. All of these lines have now been compared in the same environment. Despite similar selection goals, the different genetic lines display a wide range of body weights. This becomes very obvious at the start, as the DUH, the heaviest known mouse line [5] , is about twice as heavy as the smallest of the high growth lines, ROH. Therefore, this set of mouse lines should contain much of the genetic variability for body weight, especially the growth-promoting alleles, as this study looked at high growth lines only. It is of note, however, that body weight is a composite trait and a high body weight can be obtained from high fat and/or muscle accretion, from heavier organs, from increased hyperplasia or hypertrophy of the muscle fibres and it can be accompanied by changes in body conformation. To successfully dissect QTL found for body weight one needs also to further dissect the phenotype 'body weight'. Therefore, we have comprehensively screened these lines at the phenotypic level, with the screen refined for future mapping studies of growth related QTL/genes using some of these lines. We have already initiated a complete 7 by 7 diallel to find line crosses with the highest F2 variance, which should be the most suitable candidate lines for a future association study, as it will be impossible to include all line combinations in such a mapping approach. Additionally, from the phenotypic line differences, we expected to find an indication in some of the traits that at least partially different genes or alleles are responsible for the selection response in the different experiments. This set of different selection lines provides the widest possible resource of genomes for understanding the genetic basis of quantitative traits of growth and body composition, and specifically to generate suitable stocks for QTL mapping and gene identification. Furthermore, the growth lines are a unique resource for physiological and behavioural studies analysing the basis for direct and correlated effects of selection. In this study we have shown that selection for growth in these seven mouse lines has not only affected body weights, but also body conformation and composition, morphological, histological, histochemical and other biochemical traits.
Body weight
The seven growth lines differed substantially in body weight, which as a composite trait consists of fat, muscle and bone. It can be dissected further into individual organs, tis-sues etc., and further to this we attempted to measure body shape. These aspects were quantified in this study, which revealed line differences in almost all of these traits. Even lines with similar body weight also differed considerably in body composition (organ level, tissue level and total chemical body composition), in body shape and in the microcharacteristics of the skeletal muscle system. This indicates the involvement of at least partially different regulation processes and physiological pathways, and suggests that different loci or alleles probably have contributed to the responses achieved by selection for growth in these lines. As all these lines were selected in different experiments and laboratories, and were derived from different base populations, one can consider these selection lines as replicated selection experiments, and as a resource where one might expect to find most of the growth affecting alleles. In some individual base populations not all of the desired alleles might have been present in the base population; some might have been lost by drift while others could have been unimportant for growth in specific laboratory environments. Additionally one must not underestimate the possible contribution of de novo mutations (e.g. [24] ), as all these lines were derived by long-term selection over numerous generations.
Although in the last decade there has been great progress in identifying genes, and mapping QTLs that affect many of the characteristics studied here, the genetic basis of variation in complex traits remains poorly understood (for reviews see [13, [25] [26] [27] ). Some of the lines used in this study have already been used in mapping experiments. For example the DUH and an inbred line (DUHi) derived from it, have been used in crosses with a control line and DBA/2 in mapping studies [28, 29] . Loci with major effects for body weight, obesity and muscle weight, as well as for growth related subphenotypes (like serum concentrations of leptin, insulin, IGF-I, and IGF-binding proteins in non-fasting animals) were mapped on several chromosomes, and significant interactions between QTLs have been observed in an intercross between DUHi and the inbred line DBA/2 [30] .
QTL studies have also been undertaken in the growth lines (EDH, EDL) from Edinburgh using reciprocal crosses between high and low protein-selected lines (EDH × EDL cross). The difference in body weight between these lines at 10 weeks of age (20-25%) was largely explained by a major gene on the X chromosome [31, 32] . Later fine mapping resolved the location of this QTL to a 660-kb region containing only two genes of known function, Gpc3 and Gpc4, and two other putative genes of unknown function; and identified polymorphisms in the 3' untranslated region of Gpc3 as a strong candidates for the causal sequence variation [33] .
The ROH and ROL lines have also served to find QTL, explaining the divergence between the high-and low-selected mouse lines [34] . The line RAH (originally coded as M16) was widely used for mapping growth and body weight related QTL [27, [35] [36] [37] . The line DAH was used in mapping studies [38, 39] for growth related QTLs. In this line a mutation, which affected weight gain, was found during the selection experiment by Bradford and Famula [40] . This mutation was mapped later to chromosome 11, and Horvat and Medrano [41, 42] detected the causal mutation in the SOCS2 gene.
Thus, nearly all of the lines have contributed to enhancing our knowledge on the genetic basis of growth, but to date they have not been used together in a synergistic way. They could help to identify genetic factors that could be of importance in one line/selection experiment and not in others. Also, investigating the importance of epistasis in some of these lines is just now beginning [39, 43] .
The remaining lines have not been exploited to the same degree for the identification of genetic factors affecting body weight. Certainly, there are other genes or alleles that have not been identified that have contributed to this selection response.
Body conformation
There were substantial differences between the lines in the dimensions of the bodies and their shape. The line with the longest body was DUH. In this line genetic factors must exist that affect body weight and length. The longer body in DUH can also be caused by changes in skeletal traits, e.g. the number of vertebrae as shown in pigs [44, 45] and sheep [46] . This therefore suggests the need for further investigation of this type in these mouse lines.
The body dimensions of the BEH line were very unusual as they combine a high body weight with a short body and tail. This line is known to be homozygous for a mutation in the myostatin gene (denoted cmpt, [43, [47] [48] [49] ). In cattle, mutations in this gene are associated with the so-called double muscling phenotype [50] . The phenotypic appearance of the BEH animals was similar to the known cattle phenotype, i.e. they were like "double-muscled" mice.
Body composition
The growth lines differed in dry matter and body fat content, fat deposit formation and intramuscular fat storage of the leg muscles. The fattest lines were RAH, DAH and DUH, whereas the BEH and EDH line (and for some body composition traits also MUH and ROH) were very lean. The leanness of the BEH is certainly due to the compact mutation [47] . Causes for the other line divergences may lie with the selection histories (selection trait and base population). As lines were fed on the same diet the observed line differences in fat content, fat deposition and fat composition must have been caused by differences in the regulation and gene expression of key enzymes in lipid metabolism. It was suggested that the high saturated fatty acid concentration in the DUH, RAH and ROH was correlated with an increased de novo lipid synthesis. It seems that there was an intensive de novo triacylglycerol synthesis, and this could be the reason for the increased lipid synthesis.
Morphological traits
There were considerable line differences regarding organ and tissue weights. Some were related to body weight differences, but even after correction for body weight, many remained significant. Relatively low organ weights have been found in the BEH mice, which again might be a consequence of the myostatin mutation in this line, as some authors have described lower organ weights in relation to the Mstn Cmpt−dl1Abc mutation. Reduced weights for organs such as the heart, liver and kidneys in both sexes in mice with this mutation [47] have been noted. Similar observations were made in double-muscled cattle [51] . Not only did BEH mice have lower heart and liver weights, but also had a lower gonadal fat pad weight. This indicates that these mice were leaner, which is probably also due to the myostatin mutation as a defective myostatin gene leads to leaner mice [47, 52] . Therefore, it was unsurprising that the weight of the M. rectus femoris of the BEH mice was higher in absolute and relative terms.
Skeletal muscle cellularity
The growth-selected mouse lines clearly differed in the cellularity of skeletal muscle as examined by histological and biochemical analyses. It is obvious that the BEH line was superior in muscularity to all other lines. Their muscles contained the highest numbers of fibres, which were also the largest amongst the lines. As the BEH mice are homozygous for the compact mutation, and it has been shown recently that this mutation also caused a substantial increase in muscle mass and muscle fibre hyperplasia when introduced into the inbred DUH line [53] , our observations seem to be clearly a result of this mutation. Interestingly, despite the highest total myonuclear number (DNA content), the DNA concentration was lowest with highest muscle mass, suggesting an imbalance in changes in muscle composition by the myostatin mutation. This line showed the highest protein accumulation per nuclear (DNA) equivalent, which mainly resulted from higher capacity of protein synthesis (RNA/DNA). Moreover, this inbred DUH line is exceptional in the traits of muscle metabolism.
The proportion of the white fibres in rectus femoris muscle was c20% higher in BEH as compared to the other lines, indicating a marked shift to glycolytic muscle metabolism. Additionally, the low CK activity may indicate a weak muscular capacity to store and to provide energy-rich phosphates for muscle contraction. The result of the extremely high proportion of white fibres in BEH was consistent with differences observed between double-muscled (myostatin mutated) and normal cattle phenotypes [54] [55] [56] . Thus, hypermuscularity caused by genetic myostatin deficiency seems to be associated with a shift in the metabolic pathway of energy production towards glycolysis. This may explain, in part, the higher sensitivity of double muscled cattle to environmental changes. DM cattle have been reported to be much more susceptible to environmental stresses such as fasting, restraint procedures and exercise, by developing higher blood concentrations of lactate and creatine kinase indicative of glycolysis and muscle injury, respectively [57] .
The BEH line differed significantly in most cellular traits from the smallest lines ROH and MUH, whereas there were only marginal differences among EDH, RAH and DAH. Differences in muscle mass depended largely on different fibre numbers and, to a lesser extent, from a different degree of postnatal fibre hypertrophy. The different contribution of both components to muscle size suggests that as growth rates increased (for RAH, DAH), fibre hypertrophy occurred as a postnatal event. When "lean mass" was included as a selection criterion, fibre hyperplasia as a prenatal and early postnatal event seems to be more stimulated than fibre hypertrophy (BEH, EDH). Finally, pure selection on body weight similarly increased both fibre number and fibre size (DUH, MUH, ROH). This can be concluded on the basis of the relative differences in fibre number and size from the average of all lines, and these results suggest that the history of selection is important in determining selection response in muscle structure. Unfortunately, a direct comparison to unselected control lines was not possible in this study, but we have shown increases in both muscle fibre number and size in response to selection in the DUH line [58] [59] [60] . Also, it seems very probable that selection for growth in these lines had induced a shift to glycolytic muscle metabolism. After 84 generations of selection, when the body weight was more then doubled, DUH mice had nearly 7% more white fibres in rectus femoris muscle than the unselected control mice at a similar age to those used in this study (Rehfeldt unpublished data) .
Apart from structural aspects, it seems important for the selection response in muscle mass how many nuclei (DNA) and how much protein exists in total, and also how much RNA and protein per DNA equivalent (capacity of protein synthesis) are accumulated. The lowest values in these characteristics were found in MUH and ROH, and the highest in BEH and DUH. In a previous study using myogenic cultures from divergently selected lines (including DUH) it has been shown that selection for growth increased both muscle satellite cell proliferation, and protein accumulation, by increasing protein synthesis over protein degradation [61] with the latter being consistent with the results of N-balance studies in the same lines [60] .
Although phenotypic differences between such selection lines are not the best criterion for choosing populations and traits for a future QTL linkage analysis, they might provide a first glimpse of what to expect, and help refine the phenotypic characterisation to focus on traits with larger line differences. Crossing experiments are a better basis for choosing lines and traits for a QTL linkage analysis. In particular, complete diallel crosses can supply information about the size and kind of genetic causes of population differences (e.g. [62]). Therefore, more information would be obtained by such a diallel including the seven lines, phenotypically characterised in this study.
[59] C. Rehfeldt and E. Otto: "Muscle structure changes after selection for growth and fitness -studies on laboratory mice", Arch. For further details see [7] All lines were selected for the high growth BWxy: body weight at xy days of age, G vw-xy: gain between vw and xy days of age * generation: number of generations of selection before immigrated to Edinburgh 
LXS
BWxy: body weight at xy days of age LS: means not sharing a common superscript are significantly different (P < 0.05), maximum and minimum body weight means are given in bold SD: standard deviations pooled over all groups LXS: when character is given effects of line, line by sex interaction and sex are significant (P < 0.05) 
